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A B S T R A C T
The eﬀect of pH (3 and 7) and varied energy density of a high-pressure homogenization process on the stability
of oil-in-water (O/W) emulsions stabilized by whey protein ﬁbrils was evaluated. A dynamic digestion model
comprising the simulation of stomach, duodenum, jejunum and ileum, has been used to evaluate O/W emulsions'
behavior under gastrointestinal (GI) conditions. The emulsions did not separate phases during the storage period
(7 days). The emulsions stabilized by whey protein ﬁbrils were stable under simulated gastric conditions but
were destabilized in the simulated intestinal conditions. In a similar way, the whey protein ﬁbrils' dispersion
showed a high resistance to proteolytic in vitro digestion by pepsin (gastric stage) but was more readily degraded
by pancreatin (intestinal stage). This fact conﬁrms the signiﬁcant impact of the interfacial characteristics on
emulsions' digestion. The percentage of free fatty acids (FFA) absorbed in the simulated intestinal conditions
(jejunum and ileum) was much lower than the total percentage of FFA released due to the use of WPI ﬁbrils as
emulsiﬁer. This work contributes to a better understanding about the behavior of O/W emulsions stabilized by
whey protein ﬁbrils within the GI tract; this knowledge is fundamental when considering the ﬁnal application of
this protein in food products.
1. Introduction
Oil-in-water (O/W) emulsions have signiﬁcant potential for en-
capsulation of lipophilic bioactive compounds in food products.
However, these systems are thermodynamically unstable which can
lead to phase separation. Emulsions can be kinetically stabilized with
addition of emulsifying agents (McClements, 2005) and by homo-
genization processes at high pressure, which enable the formation of
small droplet sizes (Jafari, Assadpoor, He, & Bhandari, 2008). Whey
proteins are widely used as emulsifying/stabilizing agents
(Guzey &McClements, 2006; Walstra, 2003) due to their ability to form
a thick protective layer onto the interface of oil droplets, increasing
emulsion stability (Hu, McClements, & Decker, 2003; Pugnaloni,
Dickinson, Ettelaie, Mackie, &Wilde, 2004). Amyloid-like ﬁbrils from
whey protein can be used as good gelling agents/thickeners and foam
stabilisers because of their high length-to-width ratio (Loveday, Rao,
Creamer, & Singh, 2009). Fibrils' potential as a new ingredient in food
formulations is due to their robustness and rheological behavior in
solution (Loveday, Su, Rao, Anema, & Singh, 2011). Changes in ﬁbril
length aﬀect directly functional properties such as foaming, emulsifying
or stabilizing capacity (Kroes-Nijboer et al., 2012). The modiﬁcation of
protein ﬁbril length can be promoted by: (i) altering the environmental
conditions during or after ﬁbril formation such as temperature versus
heating time, ionic strength, pH and composition (Blijdenstein,
Veerman, & Van der Linden, 2004; Kroes-Nijboer et al., 2012; Loveday
et al., 2011; Mantovani, Fattori, Michelon, & Cunha, 2016b; Serfert
et al., 2014) or (ii) by applying mechanical treatments after the process
of ﬁbril formation using high shear or moderate shear (Oboroceanu,
Wang, Magner, & Auty, 2014; Oboroceanu et al., 2011; Peng, Simon,
Venema, & Van der Linden, 2016; Serfert et al., 2014). Previous studies
have reported that mixing of emulsions stabilized by native whey
proteins at low (Blijdenstein et al., 2004) or high ﬁbril concentrations
(Peng et al., 2016) can induce a depletion-ﬂocculation process.. How-
ever, the potential of ﬁbril systems as a single emulsiﬁer has not been
fully investigated.
Understanding physiological events such as the digestion process of
ﬁbrils is of great importance for their application in food formulations.
In vitro digestion of ﬁbrils produced from β-lactoglobulin (Bateman,
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Ye, & Singh, 2010) or whey protein isolate (Lassé et al., 2016) has been
reported. However, the digestibility of these nanostructures at oil-water
interface should be also evaluated if they are applied as emulsiﬁers
since the digestion response of emulsions depends not only on the
nature of food matrix but also to their interfacial properties (Pafumi
et al., 2002). The bioavailability of lipid components when emulsions
are applied as delivery systems is another relevant point that must be
taken into consideration. Lipolysis begins in the stomach at low acidic
pH (around 2), which is ideal for gastric lipase activity. In this step,
mainly free fatty acids and diacylglycerols are produced from the in-
gested triacylglycerol hydrolysis. The lipid hydrolysis occurring in the
stomach facilitates the subsequent lipid hydrolysis in the duodenum by
pancreatic lipase since it facilitates fat emulsiﬁcation and, conse-
quently, lipase activity (Pafumi et al., 2002). Thus, the lipid digestion
process consists in an interfacial reaction since its occurrence depends
on lipase adsorption onto the oil droplet surface (Torcello-Gomez,
Maldonado-Valderrama, Martin-Rodriguez, &McClements, 2011).
Considering these aspects, studying the response of the interfacial
composition of emulsions subjected to the gastrointestinal tract
conditions is important for a better control of lipid bioavailability
(McClements, Decker, & Park, 2007; Mun, Decker, &McClements,
2007) and to deﬁne the ﬁnal application of the encapsulation system.
This work aimed at studying the inﬂuence of pH (3 and 7) and
energy density of the high-pressure homogenization process on the
stability of O/W emulsions stabilized by whey protein ﬁbrils. A dy-
namic digestion model comprising the simulation of stomach, duo-
denum, jejunum and ileum, has subsequently been used to evaluate the
behavior of O/W emulsions under gastrointestinal conditions. Whey
protein ﬁbrils dispersed in aqueous solution were also subjected to si-
mulated gastrointestinal conditions to understand the inﬂuence of ﬁ-
brils on emulsions' digestibility.
2. Materials and methods
2.1. Materials
Soybean oil (Soya, Bunge Alimentos S.A., Gaspar, Brazil) was pur-
chased in the local market. Whey protein isolate (WPI) (protein content
Fig. 1. Representative schematic of the in vitro GI system where A)
stomach compartment; B) duodenum compartment; C) jejunum
compartment; D) ileum compartment; E) glass reactor; F) silicon
bags; G) pH electrode; H) pH monitor; I) syringe pump; J) digestion
secretion syringe; K) sample inlet; L) digestion secretion inlet; M)
water at 37 °C inlet; N) water outlet; O) digestion products outlet;
P) valve; Q) digestion sample; R) water bath at 37 °C; S) water
heater; T) hollow ﬁber membrane inlet; U) hollow ﬁber membrane
outlet; V) jejunum/ileum ﬁltrate and W) ileum delivery sample.
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of 90.6 ± 0.5% w/w) was obtained from New Zealand Milk Products
(ALACEN 895, Wellington, New Zealand). Pepsin from porcine gastric
mucosa, lipase and pancreatin (8 × USP) from porcine pancreas, bile
extract porcine and other reagents of analytical grade were purchased
from Sigma-Aldrich (St. Louis, USA). Acetone was obtained from Fisher
Chemical (Loughborough, UK) and sodium hydroxide and phe-
nolphthalein from Panreac (Barcelona, Spain).
2.2. Fibril formation
Fibril formation was performed as described in a previous work
(Mantovani et al., 2016b). A WPI stock solution (2% w/w) was pre-
pared at room temperature by dissolving the protein powder in Milli-Q
water and using magnetic stirring for 2 h to guarantee the complete
dissolution of the protein. The pH of the protein solution was adjusted
to 2 with 3 mol·L−1 HCl. Subsequently, the WPI stock solution was
ﬁltered through 0.45 μm low-protein adsorbing ﬁlters (Millex-HV®,
Millipore, Billerica, USA) and heat-treated at 80 °C during 20 h under
mild stirring. After heating, the system was immediately cooled to room
temperature using an ice bath. Afterwards, the ﬁbrillar dispersion pH
was adjusted to 3 and 7 using 2 mol·L−1 NaOH.
2.3. Emulsion preparation
The aqueous phase of oil-in-water (O/W) emulsions consisted of 2%
(w/v) WPI ﬁbril dispersion at pH 3 and 7. O/W emulsions were pre-
pared at 25 °C by homogenizing soybean oil with the aqueous phase
using a rotor stator Ultra-Turrax (T 25, Ika-Werke, Staufen, Germany)
at 14,000 rpm for 3 min followed by passage through a high-pressure
homogenizer (Nano DeBEE, BEE International, South Easton, USA) at
3000 (P3) or 20,000 (P20) psi (20.7 or 137.9 MPa), for 1 (C1) or 20 (C20)
cycles. For all systems, the oil phase content was ﬁxed at 30% (w/w).
The energy density input during high-pressure homogenization of O/W
emulsions stabilized by WPI ﬁbrils was calculated as power × time /
volume (Karbstein & Schubert, 1995). Emulsions were analysed for
creaming stability and particle size distribution.
2.4. In vitro digestion
A dynamic in vitro system was used to evaluate the digestibility of
two systems at pH 3: (i) 2% w/v WPI nanoﬁbril dispersion and (ii) O/W
emulsion stabilized by WPI nanoﬁbrils prepared as previously described
in section 2.3. A gastrointestinal model constituted by four compart-
ments (stomach, duodenum, jejunum and ileum) as shown in Fig. 1 that
simulated the main events occurring during digestion was used to
perform this experiment as previously described by other authors
(Pinheiro, Coimbra, & Vicente, 2016). The average physiological con-
ditions of gastrointestinal tract were simulated by the continuous ad-
dition of gastric, duodenal, jejunal and ileal secretions at pre-set ﬂow
rates of 0.33, 0.66, 2.13 and 2.0 mL·min−1, respectively. The sample
(60 mL) was introduced into the dynamic gastrointestinal system
(gastric compartment) and, at a predeﬁned time, a constant volume of
chyme was transferred to the subsequent compartment. The experiment
lasted for a total of 5 h, of which 2, 1, 1 and 1 h were the duration times
of gastric, duodenal, jejunal and ileal steps, respectively. The gastric
secretion consisted of a gastric electrolyte solution (NaCl 4.8 g·L−1, KCl
2.2 g·L−1, CaCl2 0.22 g·L−1 and NaHCO3 1.5 g·L−1), pepsin
(600 U·mL−1) and lipase (40 U·mL−1). The pH was controlled by se-
creting 1 mol·L−1 HCl to follow a predetermined curve (from 4.8 at
t= 0 to 1.7 at t= 120 min) according to Supplementary Material
Fig. 1S. The duodenal secretion consisted of the small intestinal elec-
trolyte solution (SIES) (NaCl 5 g·L−1, KCl 0.6 g·L−1, CaCl2 0.25 g·L−1)
added to a mixture of 4% (w/v) porcine bile extract and 7% (w/v)
pancreatin solution. The jejunal secretion ﬂuid consisted of SIES con-
taining 10% (v/v) porcine bile extract solution. The ileal secretion ﬂuid
consisted of the SIES. In the diﬀerent compartments simulating the
intestinal digestion the pH was controlled by the addition of 1 mol·L−1
NaHCO3 solution to set-points of 6.5, 6.8 and 7.2 for simulated duo-
denum, jejunum and ileum, respectively. The jejunum and ileum
compartments were connected with hollow-ﬁber devices (Spec-
trumLabs Minikros®, M20S-100-01P, USA) to simulate the adsorption of
lipid digestion products. During digestion, samples were collected di-
rectly from the lumen of the diﬀerent compartments, from the jejunal
and ileal ﬁltrates and from the ileal delivery. The ﬁbril dispersion was
analysed for morphology and an electrophoresis was performed and the
emulsion was analysed for size, microstructure and free fatty acids. The
samples were tested in the dynamic gastrointestinal model in duplicate.
2.5. Fibril characterization
2.5.1. Zeta potential
The surface electric charge density of the ﬁbril dispersion at pH 3
and 7 was determined before emulsion preparation according to the
methodology described by Mantovani et al. (2016b). Samples were
diluted to a concentration of about 0.05% (w/v) in Milli-Q water. Im-
mediately before being placed in the measuring chamber of micro-
electrophoresis (Zetasizer Nano-ZS, Malvern Instruments Ltd., Malvern
Hills, UK). The Smoluchowski mathematical model was used to convert
the electrophoretic mobility measurement into zeta potential values.
Samples were measured in triplicate at 25 °C.
2.5.2. Transmission electron microscopy (TEM)
TEM micrographs were obtained as described by a previous work
(Mantovani et al., 2016b). A droplet of the diluted WPI ﬁbril disper-
sions at diﬀerent stages of digestion was put onto a carbon support ﬁlm
on a copper grid. The excess of water was removed using a ﬁlter paper.
Subsequently, a droplet of 2% (w/v) uranyl acetate was put onto the
grid and again removed with a ﬁlter paper. Electron micrographs were
taken using a Libra 120 transmission electron microscope (Carl Zeiss
AG, Oberkochen, Germany) operating at 80 kV equipped with an in-
column OMEGA energy ﬁlter and a Olympus CCD camera 14 bits with
1376 × 1032 resolution for ﬁbril characterization at pH 3 and 7 and a
EM 902A transmission electron microscope (Carl Zeiss AG, Oberkochen,
Germany) for ﬁbrils at diﬀerent stages of digestion.
2.5.3. Native polyacrilamide gel electrophoresis (native-PAGE)
WPI ﬁbril dispersions at diﬀerent stages of digestion were by native-
PAGE according to Laemmli (1970), using a gel of 1.5 mm thickness
with 10% acrylamide running gel and 5% stacking gel. A Mini-Protean
electrophoresis system (Bio-Rad Laboratories, Hercules, USA) was used
for the measurements at a constant voltage of 120 V.
WPI ﬁbril dispersions were diluted in ultrapure water (Direct-Q3,
Millipore, USA) (2 mg WPI/mL) and mixed at 1:1 ratio with an elec-
trophoresis sample buﬀer (containing 50 mmol·L−1 Tris-HCl, 10% (v/
v) glycerol, 0.1% (w/v) bromophenol blue). Then, 15 μg aliquots were
loaded onto the polyacrilamide gels. After each run, the gels were im-
mediately stained using 0.25% (w/v) Comassie Brilliant Blue for 2 h
and destained with a solution composed of ethanol/glacial acetic acid/
water (4.5:1:4.5) for 3 h with ﬁve changes.
2.6. Emulsion characterization
2.6.1. Creaming stability
Creaming stability was evaluated according to Mantovani,
Cavallieri, and Cunha (2016a). The emulsion (25 mL) was poured into a
graduated cylindrical glass tube (internal diameter = 25 mm,
height = 95 mm) immediately after preparation. Afterwards, the tube
was sealed with a plastic cap and stored at 25 °C. The emulsion phase
separation was visually analysed during 7 days.
2.6.2. Particle size distribution (PSD)
The particle size of the emulsions was measured after 2 days of
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storage and at diﬀerent stages of digestion by dynamic light scattering
(Zetasizer Nano ZS, Malvern Instruments, Worcestershire, UK). The PSD
was presented as volume based size distribution.
Mean droplet size of each peak was reported as average hydro-
dynamic diameter (D ), which was calculated according to Eq. (1).
∑=D x Di i (1)
where xi is the fraction of a given particle i with a given scattering
intensity and Di is the diameter of the particle i. The polydispersity
index (PdI) was calculated from cumulant analysis of the measured
dynamic light scattering intensity autocorrelation function. Each
sample was measured in triplicate at 25 °C.
2.6.3. Optical microscopy
Emulsions were evaluated at diﬀerent stages of digestion. Samples
were poured onto microscope slides, covered with glass cover slips and
observed using a Carl Zeiss Model Axio Scope.A1 optical microscope
(Zeiss, Germany). Objective lenses (40×) were used to visualize the
microstructure of the emulsions.
2.6.4. Free fatty acid release
The amount of free fatty acids (FFA) released from WPI ﬁbril-sta-
bilized emulsion was measured by using a titration method
(Pinsirodom& Parkin, 2005) in order to determine the digestion ac-
tivity. Acetone (10 mL) were added to a collected volume (5 mL) of
jejunal ﬁltrate, ileal ﬁltrate and ileal delivery samples to quench the
enzymes activity. Afterwards, 3 drops of 1% (w/v) phenolphthalein
were added to this mixture as an indicator. A direct titration with
0.1 mol·L−1 NaOH using a burette was performed. The percentage of
free fatty acids released was calculated as described in eq. (2) from the
number of moles of NaOH added until the titration end point divided by
the number of moles of FFA that could be produced from triglycerides if
they were all digested (assuming 2 FFA produced per 1 triacylglycerol
molecule) (Li, Hu, Du, Xiao, &McClements, 2011).












where vNaOH is the volume of sodium hydroxide required to neutralize
the FFA generated (in L), mNaOH is the molarity of the sodium hydroxide
used (in mol·L−1), wlipid is the total weight of soybean oil initially
present and Mlipid is the molecular weight of the soybean oil (the mo-
lecular weight of soybean oil was considered to be 873 g·mol−1 based
on their average fatty acid composition).
2.7. Statistical analysis
The experiments were carried out at least in duplicate and the re-
sults were reported as averages and standard deviations of these mea-
surements. The results obtained were submitted to variance analysis
(ANOVA) and Tukey's test was applied to evaluate signiﬁcant diﬀer-
ences between the mean values (p < 0.05).
3. Results
3.1. Morphology and surface charge density of whey protein ﬁbrils
Fibrils produced at the same processing conditions (pH 2, 80 °C/
20 h) were evaluated after pH readjustment from 2 to 3 and 7. WPI
ﬁbril dispersion showed high positive surface charge density at pH 3
(+49 ± 10 mV), resulting from the protonation of the amino groups
as the pH is below and far from the isoelectric point WPI (pI≈ 5). At
pH 7 (above the pI), the zeta potential became negative and a lower
absolute value was observed (−33 ± 7 mV). TEM micrographs were
taken from WPI nanoﬁbrils at pH 3 and 7 and they are shown in Fig. 2.
Linear and long ﬁbrils were observed at pH 3 and the high zeta
potential value provided enough electrostatic repulsion, maintaining
them dispersed and isolated (Fig. 2A). Increasing the pH value from 3 to
7 led to the formation of shorter and aggregated ﬁbrils as can be seen in
Fig. 2. Other authors have reported the reduction of ﬁbril length at pH 7
(Akkermans, Van Der Goot, Venema, Van Der Linden, & Boom, 2008;
Jung &Mezzenga, 2010; Kroes-Nijboer et al., 2012; Mantovani et al.,
2016b). This result could be attributed to ﬁbril aggregation at the cri-
tical pH region near the protein pI that contributes to the collapse of
amyloid-type nanostructures as a consequence of pH increase.
3.2. Emulsion stability and microstructure
A concentration of 2% (w/v) WPI was used to prepare emulsions
containing 30% (w/w) soybean oil since at these concentrations was
possible to produce stable emulsions (Mantovani, Cavallieri,
Netto, & Cunha, 2013).
Table 1 shows the energy density input during high-pressure
homogenization of O/W emulsions stabilized by WPI ﬁbrils calculated
for diﬀerent homogenization pressures and number of homogenization
cycles. The energy density for high-pressure homogenization corre-
sponds to the homogenization pressure multiplied by the number of
homogenization cycles (Karbstein & Schubert, 1995). Thus, the energy
input during high-pressure homogenization after twenty cycles was 20-
fold higher than the energy density for one homogenization cycle at the
same homogenization pressure. In this way, the energy density inherent
to the homogenization process increased as follows:
P3C1 < P20C1 < P3C20 < P20C20.
All high-pressure homogenized emulsions showed no signs of phase
separation into a top cream phase and a bottom serum phase until
7 days of storage. The particle size distribution (PSD) of emulsions as
well as the mean hydrodynamic diameter and polydispersity index
(PdI) of each peak are described in Fig. 3. The PdI values range from 0
to 1 (Fig. 3C) in which lower values indicate a more homogeneous PSD.
Emulsions at pH 3 showed a monomodal PSD with average hydro-
dynamic diameter around 770 nm and PdI around 0.3 (Fig. 3A), except
for the emulsion produced using the highest energy density (P20C20)
that presented a shift of the PSD to higher diameters. Such a shift re-
sulted in a bimodal PSD with mean hydrodynamic diameters around
1000 and 200 nm for the peaks 1 and 2, respectively. On the other
hand, all emulsions at pH 7 showed bimodal PSD (Fig. 3B) and no
signiﬁcant (p > 0.05) diﬀerences were observed in the mean hydro-
dynamic diameters of the ﬁrst and second peaks for the emulsions at
pH 7 and the P20C20 emulsion at pH 3. At pH 3, a considerable increase
in energy density did not aﬀect signiﬁcantly the PSD but much higher
energy density resulted in larger oil droplet size. For emulsions at pH 7,
instead, the increase of energy density led to a decrease in the area of
the ﬁrst peak (larger particles) and a corresponding increase in the area
of the second peak (smaller particles). However, a further increase in
energy density did not aﬀect the PSD at neutral pH. It has been reported
that mechanical treatments promote fracture of ﬁbrils into small seg-
ments (Oboroceanu et al., 2011; Oboroceanu et al., 2014; Peng et al.,
2016; Serfert et al., 2014). Thus, the appearance of two peaks suggests
that the peaks 1 and 2 are related to shortened protein ﬁbrils (pH 3) or
small aggregates of ﬁbrils (pH 7) (smaller particles) and oil droplets
(larger particles), respectively.
Despite the changes in size distribution (number of peaks), the PSD
width was not signiﬁcantly aﬀected by the pH and energy density and
varied from 80 to 2000 nm. On the other hand, the results showed that
the average hydrodynamic diameter was highly pH-dependent. In
general, the emulsions stabilized by ﬁbrils at pH 3 presented smaller oil
droplets than emulsions stabilized by ﬁbrils at neutral pH. Fibrils re-
main aggregated likely by hydrophobic interactions at neutral pH as
can be seen in Fig. 2B. In this way, the increase of the mean droplet size
could also be attributed to the higher thickness of the protein layer
adsorbed onto the interface (Mantovani et al., 2016a). Moreover, the
presence of aggregated ﬁbrils at pH 7 probably hampered oil droplets
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recovering. The higher amount of energy supplied during high pressure
homogenization leads to enhanced collision frequency between the
droplets (Jafari et al., 2008), favoring the ﬂocculation or coalescence
process. Therefore, an insuﬃcient oil droplets recovering by ﬁbrils
could favor a higher droplet size and a further emulsion destabilization
during homogenization process or storage (Mantovani et al., 2013).
3.3. In vitro digestion
The simulated digestion was performed only with the WPI nanoﬁ-
brils dispersion and with the emulsion stabilized by ﬁbrils at pH 3 and
homogenized at 3000 psi for 1 cycle, since this emulsion showed the
smallest oil droplets even when the lowest energy density was applied
which is advantageous from the energetic point of view and in terms of
emulsion stability. Samples at diﬀerent stages of the simulated diges-
tion process (before digestion, stomach, duodenum, jejunum and ileum)
were evaluated. Simulated oral digestion was not performed since most
liquids do not require an oral phase, mainly due to the very short re-
sidence times in the oral cavity. Moreover, the simulation of an oral
phase in case of liquid food is not important if the meal does not contain
starch (Minekus et al., 2014).
3.3.1. Whey protein nanoﬁbril dispersion
Initially, in vitro digestibility of WPI nanoﬁbril dispersion was
evaluated through TEM microscopy (Fig. 4) and native polyacrylamide
gel electrophoresis (native-PAGE) (Fig. 5). Before simulated digestion
Fig. 2. TEM micrographs of WPI ﬁbrils at (A) pH 3 and (B)
pH 7. Scale bar = 500 nm.
Table 1
Energy density input during high-pressure homogenization of emulsions containing 30%







P3C1 3000 1 2.1 × 104
P3C20 20 4.1 × 105
P20C1 20,000 1 1.4 × 105
P20C20 20 2.8 × 106
Fig. 3. Eﬀects of pH, homogenization pressure and number of homogenization cycles on the droplet size distribution of the emulsions containing 30% (v/v) soybean oil and stabilized by
WPI ﬁbrils at (A) pH 3 and (B) pH 7. ( ) P3C1, ( ) P3C20, ( ) P20C1 and ( ) P20C20. (C) Average hydrodynamic diameter (D ) and polydispersity index (PdI) values.
Identical letters in the same column for each pH indicate that there are no diﬀerences between the measurements (p > 0.05).
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(Fig. 4i), long and linear ﬁbrils were observed. These characteristics
were maintained after the addition of simulated gastric ﬂuid (Fig. 4ii).
The presence of WPI amyloid-like structures indicates that these ma-
terials have a signiﬁcant resistance under acidic conditions, high ionic
strength and pepsin addition. On the other hand, after simulated in-
testinal ﬂuids addition (Fig. 4iii–v), large protein aggregates were vi-
sualized instead of ﬁbrillar nanostructures. The pH readjustment from 2
(stomach pH) to 7 (intestine pH) may have originated weaker repulsion
forces caused by the low surface charge density of ﬁbrils around WPI pI
(pH≈ 5) (Livney, 2010; Mantovani et al., 2016b), thus leading to ﬁbril
proximity and favoring hydrophobic interactions and the formation of
aggregates that remained even after reaching pH 7.
Fig. 5 shows the native-PAGE proﬁle of initial WPI ﬁbril dispersion
in lane 1 which presented a band scattering. A similar electrophoretic
proﬁle was observed previously for β-lg nanostructures (Madalena
et al., 2016). In lane 2 (Fig. 5), smears remained in the native-PAGE
proﬁle after simulated gastric ﬂuid addition. A previous work reported
that the electrophoretic proﬁle of the simulated gastric secretion ana-
lysed under similar conditions consisted of four bands: two bands
around 150 kDa, one band between 30 and 40 kDa and one band be-
tween 20 and 30 kDa (Madalena et al., 2016). Thus, the smears ob-
served in lane 2 typical of WPI ﬁbril electrophoretic proﬁle indicate
that WPI nanoﬁbrils were resistant to proteolysis and to the severe pH
conditions of the simulated gastric digestion. After simulated intestinal
ﬂuid addition (lanes 3 to 6), the typical electrophoretic proﬁle of WPI
ﬁbrils was not observed. The electrophoretic proﬁles in lanes 3 to 6
were similar to that ones observed by other authors for the simulated
gastric and duodenal secretions (without sample) (Madalena et al.,
2016). These results indicate that the initial ﬁbrillar nanostructures
disappeared during intestinal digestion (Fig. 5), which is in agreement
with TEM results (Fig. 4iii-v). Moreover, much less intense bands were
observed in lane 5 in comparison to the bands of electrophoretic pro-
ﬁles of the other simulated intestinal steps. Other studies have reported
that the increase of WPI ﬁbril pH from 3 to 7 can result in a loss of
amyloid-like structures (Mantovani et al., 2016b; Munialo, Martin, Van
der Linden, & de Jongh, 2014). Also, previous ﬁndings showed that WPI
ﬁbrils presented varied protease resistance depending on the proteo-
lytic enzyme, being more susceptible to pancreatin than to pepsin
Fig. 4. TEM micrographs of WPI ﬁbrils at various stages of
in vitro digestion: (i) initial emulsion (before in vitro diges-
tion), (ii) stomach, (iii) duodenum, (iv) jejunal ﬁltrate and
(v) ileal ﬁltrate. Scale bar = 200 nm.
Fig. 5. Native-PAGE electrophoretograms for WPI ﬁbril dispersion at various stages of in
vitro digestion: (1) initial (before in vitro digestion), (2) stomach, (3) duodenum, (4) je-
junal ﬁltrate, (5) ileal ﬁltrate and (6) ileal delivery. Lane (M) commercial molecular
weight marker.
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degradation (Lassé et al., 2016). Thus, the changes in electrophoretic
proﬁle after simulated intestinal ﬂuid addition indicate that the pep-
tides in ﬁbrils were digested to smaller peptides by pancreatin.
3.3.2. Emulsion stabilized by whey protein nanoﬁbrils
The WPI ﬁbril-stabilized emulsion after the steps of gastric and in-
testinal in vitro digestion was evaluated through optical microscopy
(Fig. 6) and droplet size distribution (Fig. 7). The droplet size dis-
tribution of the emulsion obtained using dynamic light scattering (DLS)
showed that the initial emulsion had a monomodal distribution with a
main peak centered around 770 nm. The initial emulsion presented a
polydisperse aspect with individual droplets evenly distributed (Fig. 6i)
corroborating the relatively high PdI (around 0.3). The addition of si-
mulated gastric ﬂuid resulted in slightly PSD changes as can be seen in
Fig. 7A. These minor modiﬁcations are associated to a bimodal droplet
size distribution, the appearance of a very small second peak in the
region of 135 nm (peak 2) and a PSD shift towards bigger hydro-
dynamic diameters (peak 1). However, the average hydrodynamic
diameter of the ﬁrst peak after gastric ﬂuid addition did not diﬀer
signiﬁcantly (p > 0.05) from the average hydrodynamic diameter of
the initial emulsion. The increase in droplet size suggests the occur-
rence of droplet aggregation, coalescence or ﬂocculation due to the
action of digestive enzymes as well as changes in pH and ionic strength
(Golding et al., 2011; Malaki Nik, Wright, & Corredig, 2010; Mantovani
et al., 2013; Pinheiro et al., 2013). The microstructure of the emulsion
after simulated gastric ﬂuid addition (Fig. 6ii) showed a polydisperse
aspect similar to that observed for the initial emulsion despite some
dispersed bigger droplets, conﬁrming the slight changes observed for
droplet size distribution (Fig. 7). As previously described, a similar
behavior was also observed for ﬁbril dispersion before digestion and
after the simulated gastric step. Fibril resistance to simulated gastric
digestion (Figs. 4ii and 5) probably kept the O/W interface intact, en-
hancing the emulsion stability under these adverse environmental
conditions.
The addition of simulated intestinal ﬂuids resulted in a bimodal
distribution with an increase of the area of the second peak (smaller
particles) and a corresponding decrease of the area of the ﬁrst peak
(bigger particles) for the jejunal ﬁltrate. As expected, the duodenal
sample and ileal delivery (i.e. the fraction that is not absorbed in the
small intestine) exhibited higher particle sizes compared to jejunal and
ileal ﬁltrates (i.e. the fractions absorbed at jejunum and ileum com-
partments, respectively). In this way, the DLS technique was not sui-
table for the measurement of particle diameter of the duodenum and
ileal delivery sample, since it can measure particle diameters up to few
microns (Pinheiro et al., 2013). After addition of simulated intestinal
ﬂuids, some big oil droplets could be observed in micrographs of duo-
denum stage (Fig. 6iii). The emulsion destabilization could be related to
the weakening of O/W interface due to ﬁbrillar nanostructures desta-
bilization (Fig. 4iii–v), which favored the displacement of ﬁbrils from
the O/W interface by bile salts contained in the simulated intestinal
ﬂuids. The oil droplets were not visualized in micrographs of jejunal
and ileal ﬁltrates (Fig. 6iv–v). Bile salts facilitate the solubilisation of
highly lipophilic digestion products such as FFA into mixed micelles
(bile salt/phospholipid micelles) (Small, Cabral, Cistola,
Fig. 6. Optical microscopy and droplet size distribution of
emulsion containing 30% (v/v) soybean oil and stabilized
by 2% (w/v) WPI ﬁbrils at pH 3 (scale bar = 50 μm) as the
emulsion passes through the dynamic in vitro digestion
model: (i) initial emulsion (before in vitro digestion), (ii)
stomach, (iii) duodenum, (iv) jejunal ﬁltrate, (v) ileal ﬁl-
trate and (vi) ileal delivery.
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Parks, & Hamilton, 1984). After the incorporation of lipid digestion
products into the mixed micelles, these compounds can be transported
to the enterocyte surfaces where they are absorbed from the small in-
testine into the bloodstream (McClements & Xiao, 2012). Thus, the
duodenal sample probably consisted of protein aggregates (Fig. 4iv–v)
and mixed micelles that were supposed to cross the simulated intestinal
barrier, besides big oil droplets. This result would explain the appear-
ance of a second peak of hydrodynamic diameter around 200 nm in the
jejunal ﬁltrate (Fig. 7) as well as the absence of oil droplets in the
micrograph (Fig. 6iv). On the other hand, big droplets can be seen in
ileal delivery, suggesting that remaining droplets would be eliminated
by the gastrointestinal tract according to this simulated in vitro diges-
tion. Bile salts present a low hydrophilic-lipophilic balance (HLB)
number, being ineﬀective in stabilizing oil-in-water emulsions against
coalescence (Mun et al., 2007).
3.3.2.1. Free fatty acid release. The rate of fat digestibility is controlled
by surface accessibility, which is determined by surfactant chemistry
and mainly by the emulsion interfacial area (Golding et al., 2011). A
measure of fat digestibility is the production of free fatty acids (FFA). It
allows determining the capability of these systems to protect the
emulsiﬁed lipid against lipolysis. Fig. 8 shows the results for the
production of FFA during the simulated intestinal digestion of WPI
ﬁbril-stabilized emulsions. The emulsions showed an increased amount
of FFA production throughout the simulated intestinal digestion. This
result indicates that the interfacial weakening could be attributed to
binding of bile salts. The displacement of ﬁbrils by bile salts favored the
binding of lipase, enabling lipolysis (Hur, Decker, &McClements,
2009). The percentage of FFA adsorbed in the simulated small
intestine (jejunum and ileum) conditions (43 ± 7%) is much lower
than the total percentage of FFA released (102 ± 6%). Moreover, it
was not observed signiﬁcant diﬀerence between cumulative
percentages of FFA release in jejunal ﬁltrate and ileal ﬁltrate (Fig. 8).
Thus, FFA absorption occurred mostly in simulated jejunal step. This is
in accordance with the electrophoretic results (Fig. 5) that showed
much less intense bands in ileal ﬁltrate (lane 5) than bands in jejunal
ﬁltrate (lane 4) and ileal delivery (lane 6). Nowadays, there is a great
concern that excessive consumption of fat-rich products is resulting in
increased chronic human disease occurrence (e.g., obesity, coronary
heart disease, and diabetes). Consequently, trying to develop reduced
fat products with acceptable physicochemical and sensory properties is
often challenging because of the multiple roles that fat droplets play in
determining the overall quality of food products (e.g., optical
properties, texture, ﬂavor proﬁle and satiety) (Chung, Smith,
Degner, &McClements, 2016; McClements, 2005). Multilayer coatings
can be designed to reduce the caloric content of foods by preventing
lipases from accessing encapsulated lipids (McClements, 2010). Other
authors have reported that nanoemulsions stabilized by lactoferrin
(primary emulsion) presented a high percentage of FFA absorbed in
simulated intestinal conditions (64 ± 6%) (Pinheiro et al., 2016). This
value was reduced to 54 ± 11% by the addition of an alginate coating
(secondary emulsion). Only after the addition of a second biopolymer
layer, the FFA absorbed result was similar to that one obtained for WPI
ﬁbril-stabilized emulsion. Thus, the WPI ﬁbril-stabilized emulsion has
signiﬁcant potential for being applied as a primary emulsion to develop
a multilayer emulsion aiming at reducing the absorption of FFA.
4. Conclusion
High-pressure homogenized emulsions containing WPI ﬁbrils were
stable during one week. The droplet size distribution of the emulsions
was pH-dependent and smaller droplet sizes (in the order of 770 nm)
were obtained at acidic pH independent of the energy density of the
homogenization process. Concerning the in vitro digestion response
using a dynamic digestion model, the WPI ﬁbrils-stabilized emulsion
was stable under simulated gastric conditions but destabilized in the
simulated intestinal conditions. The physicochemical stability of the
Fig. 7. (A) Droplet size distribution of the emulsion con-
taining 30% (v/v) soybean oil and stabilized by 2% (w/v)
WPI ﬁbrils at pH 3 at various stages of in vitro digestion: (♦)
initial emulsion (before in vitro digestion), (■) stomach, (╳)
jejunal ﬁltrate, (○) ileal ﬁltrate. (B) Average hydrodynamic
diameter (D ) and polydispersity index (PdI) values.
Identical letters in the same column for each pH indicate
that there are no diﬀerences between the measurements
(p > 0.05). *The DLS technique was not suitable for the
measurement of particle diameter of these samples.
Fig. 8. Percentage of free fatty acids (FFA) released from emulsion containing 30% (v/v)
soybean oil and stabilized by 2% (w/v) WPI ﬁbrils at pH 3 as it passes through the dy-
namic in vitro digestion model.
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WPI ﬁbril dispersion within the simulated gastrointestinal tract was
similar to that observed for the emulsion. This fact conﬁrms the sig-
niﬁcant impact of the interface characteristics on the emulsion diges-
tion. Although a high amount of FFA was released, the use of WPI ﬁbrils
as emulsiﬁer resulted in reduced absorption of FFA in the simulated
intestinal conditions and, consequently, in reduced calorie absorption
without reducing calorie intake. Further works aiming at comparing the
response of emulsions stabilized by whey protein ﬁbrils with emulsions
stabilized by native whey proteins under the same simulated gastro-
intestinal conditions or applying whey protein ﬁbrils in more complex
systems would be interesting.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.foodres.2017.06.049.
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